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Abstract.  High voltage electron microscopy and com- 
puter axial tomography have been used to study the 
3-D structure of trans-Golgi cisternae and trans-Golgi 
networks (TGNs) in NRK cells. Both structures were 
specifically labeled by photoconversion of a fluores- 
cent analogue of ceramide using a modification of the 
technique of Pagano et al.  (J.  Cell Biol.  1991.  113: 
1267-1279).  Regions of the Golgi ribbon in fixed, 
stained cells were cut in 250-nm sections and analyzed 
by tilt series microscopy and subsequent tomographic 
reconstruction.  Resolution of the reconstructions 
ranged from 6 to  10 nm.  The size and structure of the 
TGN varied considerably throughout the Golgi ribbon; 
all reconstructions were made from regions with pro- 
nounced TGN.  Most regions analyzed contained multi- 
pie (2--4) Golgi cisternae that stain with ceramide. 
These "peel off" from the closely stacked cisternae 
and are continuous at their ends with tubules that con- 
tribute to the TGN.  Most vesicular profiles visualized 
in the TGN are connected to TGN tubules.  The bud- 
ding of vesicles appears to occur synchronously along 
the length of a TGN tubule. Two distinct coats were 
visualized on budding vesicles: clathrin cages and a 
novel, lace-like structure.  Individual TGN tubules pro- 
duce vesicles of only one coat type. These observa- 
tions lead to the following predictions:  (a) sorting of 
molecules must occur prior to the formation of TGN 
tubules; (b) vesicle formation takes place almost syn- 
chronously along a given TGN tubule; and (c) lace- 
like coats form on exocytic vesicles. 
T 
HE Golgi complex is the central organelle in the secre- 
tory pathway of all eukaryotic cells (for reviews, Far- 
quhar and Palade, 1981; Rothman and Orci, 1992; and 
Hong and Tang, 1993). The membranes of the Golgi com- 
plex contain enzymes that modify newly synthesized  pro- 
teins and lipids as well as factors that are involved in sorting 
these molecules into vesicles for delivery to post-Golgi loca- 
tions. 
Our understanding  of the three-dimensional  (3-D) ~  struc- 
ture of the G-olgi complex comes mainly from the work of 
Rambourg and colleagues (Rambourg et al.,  1979;  Ram- 
bourg and Clermont, 1990). In these studies Golgi structure 
was deduced from  stereoscopic images  of thick  sections 
taken by both conventional and high voltage electron micros- 
copy.  Various  staining  techniques were employed to label 
different Golgi regions:  hyper-osmlcation for the cis region, 
and  phosphatase  cytochemistry  for  the  medial  (ulcotin- 
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amideadenyl-diphosphatase)  and  trans  regions  (thiamine 
pyrophosphatase  [TPPase]  or  cytidine  monophosphatase 
[CMPase]). ~w  magnification  reconstructions from these 
preparations has demonstrated that the Golgi complex is a 
continuous,  ribbon-like structure,  rather than randomly situ- 
ated stacks of cisternae,  as it appears in conventional  thin- 
section images.  This  ribbon consisted of aligned  cisternal 
regions,  the compact zones,  separated  by fenestrated  re- 
gions,  the noncompact zones.  At higher magnification,  the 
cis element was seen to be continuous between adjacent 
zones and structurally  distinguishable  from the medial and 
trans cisternae.  The cis elements  were composed of a net- 
work of anastamosing  tubules with no cisternal component. 
The medial and trans elements maintained a regular cisternal 
structure in the compact zones, and became tubular in the 
noncompact zones. 
Rambourg found  that  the trans-Golgi  region  was  com- 
posed of 3-5 cisternae that eventually lost register with the 
preceding elements,  "peeling off" from the cisternae in the 
compact zone.  Where these elements lost alignment  with 
the cisternae,  they began to anastomose into tubulovesicular 
networks, forming what was initially referred to as the trans- 
tubular network (Rambourg et al.,  1979), but has since he- 
come known as the trans-Golgi reticulnm  (Roth et al., 1985) 
or TGN (Griffiths and Simons,  1986). 
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Golgi "ribbon" and insights into the structure and organiza- 
tion of the Golgi cisternae. However,  these studies did not 
define the TGN as clearly as they did the cisternae for several 
reasons: first, the 3-D structure of the TGN is far less regular 
than that of the cisternae, and it varies significantly through- 
out the ribbon. Rambourg appreciated this by noting the ab- 
sence of TGN  from  some regions of his  reconstructions 
(Rambourg  et  al.,  1979).  Any  single  reconstruction  or 
model is insufficient to describe the wide structural variance 
of the TGN.  Second,  the resolution of stereo reconstruc- 
tions, which we estimate to be •60  nm, is simply not high 
enough to model adequately the highly complex structure of 
this region. Third, the specific labeling techniques used by 
Rambourg did not label all membranes of the TGN. This was 
shown by comparison of immunogold localization of sialyl- 
transferase on Lowicryl sections with the phosphatase cyto- 
chemistry  used  by  Rambourg  (Roth  et  al.,  1985).  The 
TPPase  and CMPase  reactions labeled  fewer membranes 
than sialyltransferase, so Rambourg's reconstructions are un- 
likely to have identified all components of the TGN. 
To effectively study the complex structure of the TGN and 
adjacent areas,  an efficient, specific label is required. The 
photoconversion  of a  fluorescently derivatized  lipid  has 
solved this problem:  ceramide, derivatized with a  fluoro- 
phore (BODIPY) is taken into cells and partitioned into cel- 
lular membranes at 4°C (Pagano et al.,  1989, 1991). Upon 
warming to 37°C, the cells convert the BODIPY-ceramide to 
BODIPY-sphingomyelin  with  Golgi  enzymes  and  both 
BODIPY-ceramide  and  its  metabolites accumulate in the 
trans-Golgi without degradation or liberation of the fluoro- 
phore.  This provides  a  specific label  for trans  cisternae, 
TGN,  and  later  compartments  of the  secretory  pathway. 
Double-labeling experiments have shown that compartments 
which label with BODIPY-ceramide are positive for TPPase, 
indicating that the labeled compartments are trans-Golgi or 
TGN (Pagano et al.,  1991). This probe is widely accepted 
as a label for trans-Golgi and as a tool for studying aspects 
of traffic between the  Golgi and  plasma  membrane  (see 
Cooper et al., 1990; Mellman and Simons, 1992; TakaTawa 
et al., 1993).  Once the probe has accumulated in the trans- 
Golgi, the fluorophore can be photobleached by laser irradi- 
ation in the presence of diaminobenzidine, resulting in its 
conversion to an electron-opaque product that is readily visi- 
ble by thin-section electron microscopy. We have modified 
this technique to make it suitable for the study of thick sec- 
tions by high voltage electron microscopy (HVEM) and sub- 
sequent 3-D analysis. These methods provide new insights 
into the 3-D structure of the trans-Golgi cisternae and TGN 
in normal rat kidney (NRK) cells.  The potential of these 
methods for addressing dynamic issues of structure-function 
relationships within the Golgi is discussed. 
Materials and Methods 
Cell Culture and BODIPY-ceramide Preparation 
NRK  cells  were  cultured  in Dulbecco's Modified Eagle's Medium  sup- 
plemented  with  8%  FCS  in  a  37°C,  5%  CO2  humidified atmosphere. 
BODIPY-ceramide  was  complexed  with  BSA  as  follows: 200  #g  Cs- 
BODIPY-ceramide (D-3521; Molecular Probes, Inc., Eugene, OR) was dis- 
solved  in  200  /~1  EtOH.  This  solution  was  added  to  10  ml  Hepes- 
supplemented Minimum Essential Medium (HMEM) containing 0.34 mg 
defatted BSA (A-6003; Sigma Chem.  Co., St. Louis, MO)/ml with rapid 
stirring, and dialyzed overnight against 500 ml of HMEM.  The BODIPY- 
ceramide/BSA complex was recovered and stored at  -20°C in 1-ml ali- 
quots. 
Cells  internalized the ceramide  probe  according  to the procedure  of 
Pagano et al. (1991). Cells were plated onto no. 1 thickness glass coverslips 
in 30-mm plastic petri dishes and grown to "°90% confluency. The dishes 
Figure I. HVEM image of an NRK cell showing the Golgi region. Low magnification images like this were taken prior to beginning a 
tilt-series to determine the quality of preservation and to identify good areas for analysis. The region contains multiple Golgi stacks, which 
together form the Golgi ribbon. Two areas (arrowheads) were chosen for subsequent tomographic analysis. N, nucleus. Bar, 500 nm. 
The Journal of Cell Biology, Volume 127, 1994  30 Figure 2.  Computer tools used for accurate modeling of tomograms.  A  region selected from the tomogram shown in Fig.  4  is used to 
depict the ways problems of membrane continuity were solved using tools available in the IMOD modeling program,  z  is a  sub-region 
of a single 2.4-nm slice from the tomogram, cut perpendicular to the z axis (the beam direction). This region contains three photoconverted 
structures whose connectivity with one another (at the point indicated by a black X) is difficult to determine, x  and y  show slices from 
the same volume, but taken perpendicular to the x and y axes, respectively. X marks the same spot in all three views. When analysis of 
structures from these three perspectives was still insufficient to reliably determine connectivity, other tools were employed, z' shows the 
same region as in z, one section deeper along the z axis, with a white line drawn to define a new orientation, s shows a slice of the tomogram 
in the orientation represented by the white line. In this view, the structures in question appear to be separate.  On the computer screen, 
one can move the white line pixel by pixel, effectively serially sectioning the tomogram in any chosen orientation. We also used a modeling 
tool that let us extract and project 3-D information from a selection region. The extracted data could then be tumbled in space and rotated 
to any desired orientation, tl, t2, and t3 show the volume around X in three orientations, confirming the inference made in s, that the 
structures in question are indeed distinct from one another. 
were placed on ice, the medium removed, and the cells washed quickly two 
times with ice-cold HMEM.  Cells  were then incubated on ice  with 5 
nmol/ml ceramide/BSA complex in HMEM for 30 min. The ceramide solu- 
tion was removed,  and the cells washed twice with ice-cold  HMEM and 
twice again with 37"C HMEM. The coverslips were then incubated at 37"C 
for 45 min, during which time some of the ceramide was metabolized by 
Golgi enzymes to BODIPY-sphingomyelin.  A significant proportion of the 
probe remains as BODIPY-ceramide  in the trans-Golgi network (Pagano et 
al.,  1991). Cells were fixed with 2% glutaraldehyde  in 0.1 M cacodylate, 
5% sucrose,  pH 7.2. 
Photoconversion 
After fixation, the cells were placed in 0.I M "Iris, 5% sucrose,  pH 7.6, and 
observed with a Zeiss Universal fluorescence microscope to confirm proper 
intensity and localization  of the BODIPY fluorescence  (see corresponding 
figure in Pagano et al.,  1991). Once confirmed, the coverslips were placed 
in a solution of 1.5 mg/ml DAB (Sigma  Chem. Co.) in 0.1 M Tris-HCl, 
5 % sucrose, pH 7.6, and incubated for 10 min in the dark. The samples were 
then irradiated with an argon-ion laser (model 164; Spectra-Physics;  )~x = 
488 nm, power/area  =  5 mW/mm  2) for ,v15 min. The laser was equipped 
with a lens that expanded the beam to a diameter of 5 mm at the point of 
exposure, allowing several hundred cells to be irradiated at once. Following 
irradiation, a small brown spot could be observed, indicative  of a DAB reac- 
tion. The DAB solution was removed  and the cells were washed several 
times with 0.1 M "Iris buffer. Photoconversion of the BODIPY fluorophore 
in the Golgi region was confirmed by phase-contrast microscopy  using a 
40x  water-immersion  lens (data not shown). 
Electron Microscopy 
Coverslips  with adsorbed photoconverted cells were  washed  three times 
with 0.1 M cacodylate,  5 % sucrose, pH 7.0, and then postfixed at room tem- 
perature with 2% OsO4, 0.8% K3Fe(CN)6, 5% sucrose 0.1 M cacodylate 
for 15 min. Cells were washed  several  times with H20,  dehydrated  in a 
graded series of acetone-H20,  and infiltrated with Epon-Araldite,  and fiat- 
embedded. 
The embedded cell monolayer was observed by phase-contrast micros- 
Ladinsky et al. HVEM Tomography of the Trans-Golgi Network  31 Figure 3. Eight 3.9-nm tomographic slices prepared from a 2 ° tilt-series. The photoeonverted and ceramide-free cistemae are dearly distin- 
guishable. Continuity among TGN dements can be appreciated as they are followed individually through the series (a-h). Note that multiple 
cisternae, in addition to TGN elements, are ceramide-positive, and that all such cisternae are continuous at their ends with TGN elements. 
The resolution of this reconstruction is '~10.3  nm. 
copy and particular cells were chosen for remounting and sectioning. Thin 
sections (40 rim)  were cut on a Reichert Ultracut-E ultramicrotome and 
viewed in a Philips CM-10 transmission electron microscope to confirm the 
exact localization of DAB reaction product within a Golgi complex and to 
determine the quality of structural preservation (data not shown). 
High Voltage Electron Microscopy 
Following selection of a suitable specimen, 250-nm sections were cut and 
placed on formvar-coated copper slot-grids. The sections were stained with 
2% aqueous uranyl acetate and Reynolds lead citrate. Colloidal gold (10 
or 15 nm) was applied to one surface of the grid to provide fiducial points 
for subsequent image alignment. Grids were carbon-coated on both sides 
to enhance their stability in the electron beam. 
Specimens  were placed in a tilt-rotate analytical stage (model 650; Gatan 
Inc., Pleasanton, CA) and viewed with a JEM-1000 HVEM operating at 
1 MeV with a 30-/an objective aperture. Low magnification images of cells 
were taken to help identify well-preserved and well-stained Golgi com- 
plexes for high-resolution study (Fig. 1). Once selected, a Golgi region on 
a single 250-nm section was imaged near-focns at 18,300x and tilted +60* 
with micrographs being taken at either 1- or 2*-intervals. Angular separa- 
tion between views was measured with an optical encoder that displays the 
orientation of the specimen holder to within 0.10. The specimen was irradi- 
ated before initiating the tilt series with "o15,000 e//~  2 to limit anisotropic 
specimen  thinning during data collection (Luther et al., 1988). Images were 
recorded on high-speed Kodak SO-163 film with a 2-s exposure at a dose 
rate of 9.1  e/A  2 per second. Focusing was accomplished using a  JEOL 
beam deflection system to examine an adjacent area along the tilt axis in 
order to limit the total electron dose to the area under study. Focus and spec- 
imen stability were confirmed using a fiber optically coupled TV system 
(model 622; Gatan, Inc.) equipped with an image intensifier. The nominal 
dose for each image in the tilt series was 90 e/A  2. 
Negatives were digitized with a cooled CCD camera (STAR-l; Photomet- 
tics, Ltd., Tuscon, AZ), using a pixel size that corresponded to 2.4 or 3.8 
nm on the specimen. The transmitted light intensity was converted  to optical 
density as previously described (Devaud et al.,  1992).  A  computer pro- 
gram, TILTALIGN, was used to align the tilt series based on the known 
tilt angles and a model of the positions of the gold fiducial markers in each 
tilt view. A tomographic reconstruction was calculated from the aligned tilt 
series using the R-weighted back-projection algorithm (Gilbert, 1972; Wil- 
son et al.,  1992).  Slices of the reconstructed volume were then cut and 
visualized either parallel or perpendicular to the beam. The resolution of 
the reconstructions was ,x,10 run for the 2 °  series, and ,o6 nm for the 10 
series. 
Production and  analysis of tomographic reconstructions results in  a 
reversal of image contrast. After comparing image clarity in such a view 
with the more conventional black-on-white  display, we concluded that nega- 
tive images were easier to interpret, thus in all figures that present tomo- 
graphic data, images are in negative. Photoconverted product, as well as 
conventional EM stain, appear white. This distinguishes tomographic data 
from conventional electron micrographs, which are displayed in positive 
(see Fig.  1). 
Tomographic data were viewed and analyzed with a  Silicon Graphics 
R4000XZ  graphics  workstation  using  the  model-rendering  program, 
IMOD,  developed in this laboratory,  to facilitate reliable 3-D modeling 
from image data (see Fig. 7). In cases where it was difficult to determine 
if two TGN elements were connected or separate, special tools within the 
IMOD program were employed. These tools, illustrated in Fig. 2, allowed 
the tomographic data to be visualized in multiple orientations and perspec- 
tives to clearly define the borders of a particular structural element. 
Results 
The  TGN varies significantly  throughout  a  Golgi ribbon. 
Our major criteria for selecting particular regions for study 
were a minimal number of intruding organelles and an exten- 
sive TGN. We have produced seven tomographic reconstruc- 
tions of TGN regions with resolutions of 6 or 10 nm. These 
show considerable variation in specific structure, such as the 
number of cisternae that stain with ceramide and the extent 
of the TGN. To display our findings  we have selected two 
tomographic data sets that best illustrate some of the consis- 
tent structural  features. 
Mulffple Cisternae are Labeled with Ceramide 
and Each of These Is Continuous with Elements 
of the TGN 
Eight 3.9-rim slices from a tomographic reconstruction of a 
The Journal  of Cell Biology,  Volume 127, 1994  32 l~gure 4.  12 sequential 2.4-nm tomographic slices prepared from a 1  ° tilt-series. Ceramide-positive TGN elements are clearly distinguish- 
able from ceramide-free cis and medial cisternae. The tubularity of the TGN is obvious as individual elements are followed through the 
series (a-/).  Note the presence of two distinct populations of vesicles associated with underlying tubules.  The resolution of this data set 
is '~6 nm. 
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shown in Fig. 3. The amount of photoconverted product in- 
creases in the trans direction. In this compact region, the 
three  trans-most  cisternae  are  strongly  ceramide labeled. 
These cisternae remain parallel to the ceramide-free cister- 
nae for some distance and then curve toward the TGNI This 
is an example of the "peeling off" phenomenon described by 
Rambourg  (1979,  1990).  In  these  peeled off regions,  the 
ceramide-stained compartments  lose  their cisternal  struc- 
ture  and are continuous  with  structures  that comprise the 
TGN.  Examination of the tomogram  shows that the  most 
heavily ceramide-labeled cisternae are continuous with tub- 
ules of the TGN, not just the trans-most cisterna. This fea- 
ture of Golgi organization is displayed in the model shown 
in Fig. 7. 
In a single tomographic slice, the TGN appears to be corn- 
Figure 5. High-magnification  comparison of two vesicle coat structures in the TGN. One vesicle population is identifiable  as clathrin coated, 
on the basis of the spikes seen at the periphery in slices taken near the vesicle center (a and b), and the triskelion arms seen at the surface 
of such vesicles (c). Vesicles of the second population appear smaller than the clathrin vesicles and display a novel lace-like coat structure 
in images taken at their centers (d and e). Structures seen at the surface of these vesicles (c) are not comparable to similar views of the 
surface of clathrin vesicles, g-i show profiles of three coatomer-coated vesicles from the cis region of a Golgi stack (taken from a 1  ° tomo- 
graphic reconstruction not shown in its entirety). Contrast of these structures is less than that of  trans regions due to the absence of photecon- 
vertion reaction product. The structure of the coat seen on these vesicles appears as a layer of small, packed particles. This structure is 
considerably different from both clathrin and the lace-like coat. Bar, 50 nm. 
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However, by moving through successive slices, it becomes 
evident that the TGN is composed of distinct tubules with lit- 
tle indication of anastomosis. The coat structures of vesicles 
are not discernible in this data set due to the resolution limit 
imposed by micrographs  taken at only 2°-intervals.  This 
tomogram is sufficient, however, to show a twist in the non- 
compact region that results in a reversal in the orientation of 
adjacent compact regions; the two TGNs displayed face in 
opposite directions.  Note also the significant difference in 
the extent of the TGNs associated with these adjacent com- 
pact regions. 
Two Distinct ~pes of Vesicles Originate  from Different 
Elements of  the TGN 
Tomographic reconstructions calculated from a 1  ° tilt-series 
show improved 3-D resolution. 12 2.4-nm slices from such 
a  reconstruction are  shown  in  Fig.  4.  Ceramide-positive 
cisternae are not visible in this display, but many elements 
of the TGN are clearly stained.  The TGN is composed of 
multiple tubules that, in single slices, often appear as rows 
of vesicles. 3-D reconstruction demonstrates, however, that 
most of  these vesicles are connected  to a tubule, and are actu- 
ally buds forming from a  single element of the TGN. 
The increased resolution of this reconstruction allows the 
coats of many budding profiles to be seen with improved 
clarity. Two distinct coat structures are visible on vesicles 
budding from TGN tubules: one has the lattice-like appear- 
ance of clathrin and the other has a novel lace-like structure. 
Coat structures are seen only on budding profiles, not on tu- 
bule surfaces. These two vesicle types always originate from 
distinct TGN tubules. Similar observations have been made 
in several 1  ° data sets, and our statement is based on a total 
of 71 vesicles whose coat morphology could be scored with 
confidence. 
To gain more structural information about the novel lace- 
like coat,  individual vesicles were selected and compared 
with clathrin-coated vesicles at the same magnification (Fig. 
5). The clathrin vesicles (a-c) are ~100 nm in diameter, and 
the clathrin  spikes  are clearly visible in the tomographic 
slices that represent the middle portions of the vesicle (a and 
b). The contours of the clathrin triskelions come into view 
in slices cut near the edge of the vesicle (c). 
Vesicles with the lace-like coat (Fig. 5, d-f) are ,x,60 nm 
in diameter. The coat structure is clearly visible in the tomo- 
graphic slice from the mid-section of the vesicle (d and e). 
The term "lace-like" was selected to describe this coat, since 
it appears  in these equatorial sections to be composed of 
scallop-shaped subnnits with open spaces at their centers, 
separating the coat from the vesicle surface. In  slices cut 
near the surface of the vesicle (f), the lace-like coat appears 
to be constructed from rectangular subunits that are often ar- 
ranged at right angles to one another. They are packed to- 
gether with a  second smaller subunit to form the vesicle 
coat. The exact structure and arrangement of these subunits 
remain to be determined. 
The structure of the lace-like coat is significantly different 
from the coatomer coat (Fig.  5, g-i).  Tomographic slices 
taken from the midsections of vesicles budding individually 
from the ends  of cis  cisternae  show  a  coat consisting  of 
packed particles similar to that described by Weidman et al. 
(1993). 
Figure 6.  Tomographic slice 
(2.4  nm)  showing  syn- 
chronous budding of clathrin- 
coated vesicles from a single 
TGN tubule. The three bud- 
ding  profiles  shown (arrow- 
heads) are in slightly different 
orientations  relative  to  the 
plane  of  the  tomographic 
slice. The clathrin spikes are 
best visualized on the upper- 
most bud. 
The formation of both clathrin and lace-like coated vesi- 
cles appears to be synchronous along a given tubule. We in- 
fer synchrony from the observation that all the vesicles as- 
sociated with a given tubule are of approximately the same 
size. These structures are consistent with the idea that the 
formation of multiple vesicles on a TGN tubule starts at the 
same time and proceeds at the same rate. Whether the tubule 
is actually consumed in this process or a skeleton remains 
cannot be determined from these data. 
The appearance of synchronous budding of TGN vesicles 
was  observed in  multiple  data  sets,  and  for both vesicle 
types.  An  example  of  synchronous  budding  of clathrin- 
coated vesicles, taken from a different data set, is shown in 
Fig. 6. Three clathrin vesicles are seen budding from a single 
TGN element. Other clathrin vesicles, projecting in different 
directions, are attached to this element in preceding sections 
(data not shown). 
The TGN regions of these two data sets were modeled and 
projected as described in Methods. In these models (Fig. 7), 
color has been used to represent continuity between Golgi 
elements,  and  to  distinguish  between adjacent Golgi ele- 
ments and between the two vesicle types. Several important 
features of Golgi structure are emphasized by these models, 
including the continuity of trans-cisternae with TGN ele- 
ments, the tubular nature of the TGN, and the apparently 
synchronous budding  of vesicles from TGN tubules.  The 
finding that individual tubules produce vesicles on only one 
coat type is also deafly shown. 
Discussion 
This study provides new information on the 3-D structure of 
the trans-Golgi network and  its relationship to the trans- 
cisternae. While several features of the TGN have been de- 
scribed by Rambourg and colleagues (reviewed in Rambourg 
and  Clermont,  1990)  and  by  others  (Roth  et  al.,  1985; 
Griffiths and Simons, 1986; Griffiths et al., 1989; Geuze and 
Morrt, 1991), our 3-D reconstructions have put some earlier 
findings into a better context and also identified novel fea- 
tures of the Golgi complex: (a) multiple cisternal elements 
stain with photoconverted ceramide, and multiple ceramide- 
positive cisternae are continuous at  their ends  with pho- 
toconverted tubules of the TGN. Together, these results sug- 
gest that the compact region of the Golgi complex has several 
Ladinsky et al. HVEM Tomography of the Trans-Golgi Network  35 Figure 7. Models of Golgi tomograms, a-d show a model of most of the Golgi region from the tomogram in Fig. 3. The model was con- 
structed by hand, using contours drawn on the membrane profiles visible in each slice of the tomogram. The image data from within each 
contour was extracted, added with comparable data from all other modeled slices and projected into a  single 3-D representation, a, b, 
and c show projections oriented 0,  +6, and -6 °, respectively. Color is used to distinguish adjacent cisternae and elements of the TGN. 
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section images or tomographic slices the TGN appears to be 
vesicular, but in 3-D the TGN is largely composed of distinct 
tubules; vesicular profiles emanate from and are usually con- 
tinuous with individual tubules. There is little, if any, anasto- 
mosis between TGN tubules. (c) There are at least two mor- 
phologically distinct coats on the vesicles emanating from 
the TGN tubules: clathrin and a novel lace-like structure. In- 
dividual TGN tubules produce vesicles of only one coat type. 
(d) Vesicle formation appears to occur synchronously along 
the length of a tubule. This suggests that the tubule is con- 
sumed during the budding process. (e) Some regions of the 
Golgi ribbon have extensive TGN while others have minimal 
TGN.  This  is  consistent with  Rambourg's hypothesis that 
TGN elements are consumed during vesicle budding (Ram- 
bourg et al., 1979). These morphological findings have pro- 
found implications on our concepts of the mechanisms by 
which proteins and lipids are sorted into vesicles for delivery 
to post-TGN locations. 
Our images of continuity between ceramide-positive TGN 
elements and multiple ceramide-positive cisternae are con- 
sistent with the observations of Rambourg et al. (1979), that 
in regulated secretory cells, condensing vacuoles appear to 
form from several trans-cisternae.  Continuity of only cera- 
mide-positive cisternae with TGN elements is further evi- 
dence that these cisternae are trans. Our images are also in 
agreement with Griffiths et al.  (1989),  in showing that the 
TGN is continuous with the ends of trans-cisternae,  rather 
than with multiple points in the middle of the single, trans- 
most cisterna. 
In our reconstructions the TGN is tubular, and almost all 
vesicular profiles seen in single tomographic slices are con- 
nected  with  tubular  components when  visualized  in  3-D. 
Vesicles not associated with tubules are few in number and 
are distributed throughout the TGN region. We have found 
no evidence for anastomosis of TGN tubules or the vesicles 
emanating from them. This is in contrast to published thin- 
section images (see Fig.  5 b, Griftiths et al.,  1985;  Fig.  1, 
Geuze and Morr6,  1991). 
There are two major populations of vesicles that bud from 
the TGN in constitutively secreting nonpolarized cells, such 
as the NRK.  One,  which is clathrin-coated,  carries newly 
synthesized  lysosomal  proteins  via  the  mannose-6-phos- 
phate receptor to the endocytic-lysosomal pathway (Kornfeld 
et al.,  1989).  The second population carries newly synthe- 
sized molecules to the plasma membrane. These vesicles are 
not clathrin coated (Gritfiths et al., 1985) but no distinct coat 
structure has been visualized on them. While it is generally 
assumed that a coat is essential to deform the membrane and 
drive the budding process (see Melan~on et al.,  1991),  only 
two coat structures have been described: clathrin and coato- 
mer (Orci et al.,  1986).  Evidence suggests that coatomer- 
coated vesicles are not present in the TGN. The coatomer 
protein, ~-COP (Duden et al., 1991), has been localized pre- 
dominantly in cis-Golgi  (Oprins et al.,  1993).  5-COP has 
been shown to function in ER to Golgi transport,  both in 
vitro  (Peter  et al.,  1993)  and  in  vivo (Pepperkok et al., 
1993), and it has no apparent function in transport from the 
TGN to the plasma membrane (Pepperkok et al.,  1993). 
Using 3-D tomographic reconstruction we have visualized 
a new coat structure on buds and vesicles emanating from 
TGN tubules. This coat appears lace-like; the edges are scal- 
loped and the center of each scallop appears hollow, as if cut 
out. Buds displaying this coat are smaller in diameter ("°60 
nm) than clathrin-coated buds (,'o100 nm) in the same re- 
gion.  The structural proteins of the lace-like coat may not 
yet be biochemically defined, but the morphological charac- 
terization of the  coat will  certainly  motivate a  molecular 
identification of the constituent proteins. 
In our images, clathrin and lace-like coated vesicles often 
appear as rows of buds emanating from TGN tubules; one 
tubule produces clathrin-coated buds and another produces 
lace-like-coated buds.  Individual  tubules  do not produce 
buds of both types. These observations have three implica- 
tions:  (a) there are multiple steps in the process of vesicle 
formation. The row of buds image (Fig. 4) may represent an 
intermediate step that is awaiting a signal for the buds to dis- 
sociate and become free vesicles; (b) given the relative vol- 
ume of a TGN tubule and the sum of all vesicles connected 
with it, tubules may be consumed in the process of vesicle 
formation; (c) sorting of molecules must occur prior to the 
formation of TGN tubules. 
The concept that molecules have already been sorted in the 
TGN  was  suggested  by  Geuze  et  al.  (1987,  1988),  who 
showed that receptors are not uniformly distributed in the 
membranes  of the  TGN  in  rat  hepatocytes.  Double  im- 
munogold labeling experiments, in which asialoglycoprotein 
and mannose-6-phosphate receptors, which are destined to 
the plasma membrane and  the  endocytic pathway respec- 
tively, were localized to distinct regions of the TGN. How- 
ever,  these  experiments  were  carded  out  on  single  thin 
cryosections, and so could not reveal 3-D spatial information 
about the compartments containing the different receptors. 
The information presented here predicts that immunolocal- 
The dark blue, magenta, and pink cisternae peel away from the other cisternae and are continuous with TGN tubules. These are the elements 
which are most heavily photoconverted (see Fig. 4). The light blue structure in the center of the TGN is a large, free vesicle, d is a stereo-pair 
detail of the trans cisternae and elements of the TGN, which clearly displays the tubular nature of the TGN and lack of anastamosis between 
adjacent elements, e and fdepict a model of the tomogram in Fig. 4. This model is a display of the surfaces of the contours rather than 
a projection  of their content.  The cisternae on the right,  shown in blue and purple,  are trans-Golgi  cisternae,  and all other features of 
the model are elements of the TGN. Connections between the trans cisternae and TGN are not visible in this data set. Color is used to 
distinguish the two different coat morphologies;  magenta represents lace-like coated buds and associated tubules, and green represents 
clathrin coated buds and associated tubules. The proximal magenta element is producing at least 11 lace-like vesicles. The distal one is 
producing at least three. A fourth lace-like vesicle, in the upper left, is likely to be connected with the distal tubule, but the connecting 
element is not within the plane of original 250-nm plastic section. The yellow tubule appears to be producing lace-like buds from its ends. 
The small blue object separating the green clathrin element from the distal lace-like element is a portion of a TGN tubule, seen in cross- 
section, most of which is not present in the plane of the section, e is a stereo pair that demonstrates the 3-D positions of all components. 
fis an edge view that clearly shows the tubular connections between several lace-like vesicles (magenta) that appear distinct in other views 
(see e). 
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tire TGN tubules; some tubules will contain molecules des- 
tined for the plasma membrane,  while others will contain 
molecules destined for the endocytic pathway. Our observa- 
tions indicate that sorting of molecules occurs before the for- 
marion  of TGN tubules,  most likely upon delivery to the 
trans-cisternae.  This hypothesis is inconsistent with widely 
held  models  for Golgi  function,  which  state  that  sorting 
events  take  place  within the  TGN  (Griffiths  and  Simons, 
1986; Geuze and Morr6, 1991; Mellman and Simons, 1992). 
Several molecules have been identified that are candidates 
for structural components of the lace-like coat. One is a cyto- 
plasmic complex that consists of a 62-kD protein (p62) and 
three low molecular weight GTPases, one of which is rab6. 
This complex must associate with a TGN integral membrane 
protein, TGN38/41,  for the budding of exocytic vesicles to 
occur. It remains present on vesicles destined for the plasma 
membrane  (Jones  et al.,  1993).  Another candidate  is the 
coat-like protein, p200,  described by Narula et al.  (1992), 
which  is  localized  primarily  in  the  TGN  (J.  Stow,  per- 
sonal communication).  Neither frozen nor standard,  plas- 
tic-embedded thin sections have allowed coat structures to be 
visualized on plasma membrane-bound vesicles (Grifliths et 
al.,  1985) or on those known to be associated with the p62 
complex  (Howell  et  al.,  1994).  In  both  cases,  however, 
clathrin-coated profiles can be seen in the TGN.  Immuno- 
labeling studies with resolution approximating that of our 
tomographic reconstructions will be required to determine 
if the p62 complex, p200, or other molecules form the lace- 
like coat structure. 
The studies reported in this paper have focused on selected 
regions of the TGN in NRK cells. Future experiments will 
need to focus on regions of the Golgi ribbon not analyzed 
for these studies; most importantly noncompact regions and 
areas containing minimal TGN. Additional features  will be 
revealed  when the  TGN  is  studied  in different  functional 
states and in other cell types. 
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